Copper agglomeration in Cu(100 nm)/Ta(50 nm)/Si structure deposited by ion beam deposition was examined. Copper thin films were annealed at 650 C for 1 to 60 min in hydrogen atmosphere. The surface morphology, crystalline microstructure and electrical resistivity were investigated by field-emission scanning electron microscopy, X-ray diffraction and Van der Pauw method, respectively. Experimental results revealed that nucleation and growth of voids ocurred in the copper film annealed for 5 min. Further annealing made the film a connected island structure and then isolated island structure.
Introduction
Copper has attracted attention as a new interconnection material of ULSI(ultra large scale integrated) circuits because of its lower bulk resistivity and higher resistance to electro-migration than aluminum and aluminum alloys. 1, 2) However, copper has disadvantages such as fast diffusion into silicon and SiO 2 , 3) formation of Cu-Si compounds, and poor adhesion to most of dielectric layers. 4) Therefore, an effective diffusion barrier is required to suppress copper diffusion into silicon.
In the case of the Cu/Ta/Si structure, we reported a sudden rise of the resistivity during thermal annealing at 650 C, 5) which was probably caused by agglomeration of copper thin film. A similar phenomenon was observed on Ta/Si surface annealed at 630 C by Holloway et al.
6)
The agglomeration of the copper film is reported to be a result of minimization of overall surface, interface and grain boundary energies. [7] [8] [9] In the thin film device fabrication, the agglomeration of copper films should be a serious problem and an important factor for the fabrication of interconnecting wires with excellent resistance against electromigration. The agglomeration of copper thin films has been studied so far mainly about the influence of annealing temperature 10, 11) but there was no consideration about the agglomeration progress with annealing time. In the present paper, we have studied on the agglomeration phenomenon of copper films as a function of annealing time and discuss the relation between the resistivity and surface morphology of copper films.
Experimental Procedures
A non-mass separated IBD (ion beam deposition) system with a RF sputter-type ion source already described elsewhere was employed in the present study. 12, 13) The base pressure of 10 À5 Pa was obtained in the deposition chamber using a turbo molecular pump. Silicon (100) wafer used as the substrate was ultrasonically cleaned in acetone and then etched in 5% HF solution, and Cu (99.9999%) and Ta (99.99%) targets were electrolytically polished and chemically polished to eliminate the surface contamination, respectively. A high purity argon (99.9995%) gas plasma was initially generated in the ion source by applying a 13.56 MHz RF power to the copper coil. By applying a negative bias voltage of À300 V and À500 V to the copper and tantalum target, respectively, copper-or tantalum-rich plasmas were generated. The distance between the target and the substrate was 35 mm.
In order to fabricate Cu/Ta/Si (100) structures, tantalum films(50 nm) were initially deposited on silicon (100) substrates at À50 V of substrate bias voltage under an argon pressure of 9 Pa, and then copper films(100 nm) were deposited on the Ta(50 nm)/Si at À50 V of substrate voltage, because the substrate bias voltage of À50 V had been already found to be optimum for preparing copper and tantalum films with good morphologies and low electrical resistivity. 14, 15) In order to investigate copper agglomeration with annealing time, the Cu/Ta/Si structure was annealed for 1 to 60 min at 650 C in H 2 atmosphere. Resistivity measurement of annealed samples was carried out with Van der Pauw method. Structure of the deposited films was investigated by XRD (Rigaku RINT 2000), and FE-SEM (Hitachi S-4100L) was employed to observe the morphological evolution of as-deposited and annealed surfaces of samples. Digital image analysis was applied to obtain the change in the uncovered area fraction of copper film with the annealing time.
Results and Discussion
In the previous paper, 5) island-like lumps were observed on the surface of the Cu/Ta/Si structure annealed at 650 C for 60 min. To confirm the nature of these lumps, Cu(100 nm)/ Ta(50 nm)/Si structure was annealed at 650 C in H 2 atmosphere for 60 min and analyzed using EPMA. Figure 1 shows the SEM image (a) and X-ray images for (b) copper and (c) tantalum. Copper signals converge on these lumps, which means that the lumps are agglomerated copper. On the other hand, tantalum signals are observed uniformly except the parts where copper was located on the tantalum surface. This observation shows that the tantalum film prepared in the present study should be stable up to 650 C.
For clarifying the agglomeration process, the surface morphology of the samples was observed at different annealing times at 650 C in H 2 as shown in Fig. 2 . The asdeposited film has a good surface morphology with a smooth surface (Fig. 2) . It seems that voids started to appear on the black parts as the arrows pointed after 3 min. (Fig. 2) . For the sample annealed for 5 min, the voids appears distinctly (Fig. 2) , and the copper film starts to agglomerate after 10 min (Fig. 2) . Many connected islands are observed at 30 min (Fig. 2) and islands are isolated with the annealing time and then they become isolated completely after 60 min (Fig. 2g, h ). Digital image analysis was used to obtain the uncovered area of tantalum surface. Figure 3 shows the uncovered area fraction as a function of the annealing time. From this figure, the progress in the uncovered area fraction can be divided into three stages; (I) voids nucleation and growth, (II) advance of copper agglomeration and (III) after attainment of copper agglomeration.
In the stage (I), until 5 min, some voids are observed at the grain boundary. Since the vacancy concentration of thin film deposited by sputtering has been reported to be much higher than its equilibrium concentration, 16, 17) void nucleation should be originated from supersaturated excess vacancies. In order to make the free energy of the copper film surface lower, copper atoms move away from the place where the void nucleation occurs, while a number of vacancies move into the place, which results in the void growth. It is a thermally activated process reducing the free energy of the system by rearranging the film surface, the interface between the film and substrate, and the grain boundaries within the film. 10) Finally, the grown void would perforate the copper film, which results in a puncture.
Stage (II) is in the process of the copper agglomeration caused by surface diffusion of the copper, driving forces of which are residual stress after film fabrication, surface tension on the tantalum diffusion barrier, and different crystalline textures of copper film and tantalum. 11) In the stage (III), after 40 min annealing, the progress of agglomeration became slow due to almost completion of copper agglomeration.
The influence of the agglomeration progress on the change in resistivity was examined. Figure 4 shows the change in the resistivity of the Cu(100 nm)/Ta(50 nm)/Si structures with annealing time at 650 C in H 2 . Resistivity increase is observed to be slow until 30 min, although copper agglomeration begins from 10 min as shown in Fig. 4 . The reason that the resistivity of the copper film does not change so much is that the continuous layer between the connecting islands still remain as shown Fig. 2(f) . An rapid increase in the resistivity was observed from 35 min to 60 min, as the result of the isolation of agglomerated copper islands. In the case of Ag film, Sieradzki et al. 18) reported that the sheet resistance of Ag(100 nm)/SiO 2 (150 nm)/Si(100) structure had no change even after annealing for 50 hr at 858 K (¼ 585 C) in vacuum, which indicates that the diffusion of copper is faster than silver. Figure 5 shows X-ray diffraction patterns of the samples at various annealing time. At 1 min of annealing time, copper (111) peak and -tantalum (200) peak were observed. After 5 min, copper (111) peak became strong, while -tantalum (200) peak weakened and the peak shifted slightly. After 20 min, several new peaks appeared at around 23 and 29 , which correspond to CuTa 10 O 26 . Lim et al. 5) reported that the CuTa 10 O 26 may be composed of CuOÁ5Ta 2 O 5 and the formation process is proposed as following. Exposed tantalum surface oxidizes at first during the annealing. Although the oxygen potential in H 2 atmosphere is very low, tantalum undergoes preferential oxidation, because its affinity for oxygen is higher than that for copper. According to the thermodynamic consideration for the formation of the tantalum oxide, the equilibrium oxygen potential P O 2 is estimated 4 Â 10 À7 (Pa) for Cu and 1 Â 10 À32 (Pa) for tantalum at the annealing temperature of 650 C. In addition, when the sample was exposed in air after the annealing treatment, further oxidation advance, resulting in the formation of CuTa 10 O 26 .
Conclusions
This work has investigated the copper agglomeration in Cu(100 nm)/Ta(50 nm)/Si structures, deposited by a nonmass separated ion beam deposition system, at fixed annealing temperature (650 C) in H 2 atmosphere. As a result, the change in uncovered area fraction of surfaces is divided into three stages. Stage (I) is voids nucleation and growth. Stage (II) is copper agglomerating, and stage (III) is isolation of islands caused by copper agglomeration. These morphological change coincides with the resistivity change. 
